Superhydrophobic materials combined with manufacturing processes that can increase surface roughness of the material, offer an opportunity to effectively control wetting properties. Rapid formation of Teflon® AF (TAF) fibrous mats with sub-micron fiber diameter using the Forcespinning™ technique is presented. The fiber formation technique is based on the use of centrifugal forces. SEM analysis shows uniform formation of TAF 1600 fibers with average diameter of 362±58nm. Contact angle measurement confirms the superhydrophobic nature of the mats with contact angles as high as 169° ± 3° and rolling angles of 2°. TAF 1600 mats were forcespun at a rate of 1gr/min. The relationship between the contact angle and hierarchical surface roughness of the TAF mat is also discussed. TAF yarns were also manufactured and characterized. Yarns with diameters of 156 microns withstood 17.5 MPa of engineering stress with a Young's modulus of 348 MPa in the elastic region and excellent thermal stability.
INTRODUCTION
Over the last few decades, research in superhydrophobicity [1] [2] [3] [4] [5] [6] (contact angle >150°) has attracted much attention given its potential applications, such as antifouling and self-cleaning structures, anti-icing coatings, stain-resistant textiles and in microfluidic devices [7] [8] [9] [10] . Superhydrophobic surfaces are easily found in nature and typified by the lotus leaf (Nelumbo nucifera). Barthlott and Neinhuis [11] performed a systematic analysis of the lotus leaf and reported that the surface decoration on the leaf produced by a combination of epicuticular wax crystals and micro-scale papillae imparts water repellency and self-cleaning properties. Trying to reproduce the "lotus effect", researchers have developed superhydrophobic surfaces by engineering low surface energy materials using techniques such as etching, [12, 13] templating, [14, 15] and electrospinning [2, 16] . In electrospinning [17, 18] , nano-fiber mats are developed when a polar solution is subjected to a strong electric force that induces a counter force to the surface tension, therefore leading to the production of a thin polymer jet. This jet dries rapidly in transit to a grounded target producing nanofibers.
Roughness introduced by sub-micron fiber morphology increases the wetting contact angle (CA) [7] . Studies indicate that a combination of low surface energy and surface roughness are the main requirements to obtain superhydrophobicity. Zisman [19] explains in a classic review the fundamentals regarding the wettability of low-and high-energy solid surfaces. The effect of surface roughness on hydrophobicity has been established by Wenzel [20] in Eq. (1) , and Cassie and Baxter [21] in Eq. (2):
In Wenzel's equation, r is a roughness factor which is a ratio of the actual area of a rough surface to the flat projected area and θ Y is Young's CA. The roughness increases the extent of contact between the surface and the liquid in smaller apparent area and results in a higher CA. However, the roughness factor is always greater than 1 and therefore the Wenzel the liquid-solid contact area where the solid is a heterogeneous surface composed of solid and air. Thus, the liquid droplet sits on the textured surface with trapped air in-between the texture and therefore exhibits higher CA.
The development of superhydrophobic materials with improved mechanical and thermal performance promotes potential improvements in many applications [22] . As the scope and challenges of modern technology expand to include increasingly harsh environments, the engineering solutions enabling the desired performance can quickly become cost-prohibitive. Superhydrophobic nanofiber-derived surfaces stand as a prime route for this purpose due to their ability to capitalize on the material's active properties. It is thus easy to envision protective barriers and coatings for structures small and large that extends the operable ranges into further extremes of corrosion, fouling, temperature, and time.
Fluoropolymers are excellent materials to obtain superhydrophobicity given its characteristic low surface energy. Teflon®AF (TAF), an amorphous fluoropolymer, is a copolymer of perfluorodimethyl dioxole (PDD) and tetrafluoroethylene (TFE) and exhibits excellent mechanical properties, chemical resistance, low refractive index, and the lowest dielectric constant (1.89-1.93) of any plastic. These characteristics come from the C-F bond which is termed as the strongest bond in organic chemistry. The presence of PDD in TAF makes this polymer soluble in certain perfluorinated solvents [23] [24] [25] . Due to the above mentioned properties, numerous attempts have been conducted to produce nano/ submicron TAF fibers to increase its superhydophobicity. Nonetheless, the characteristic low dielectric constant of TAF makes it difficult to dissolve in a sufficiently polar solvent which inhibits the response towards applied electric forces for conventional electrospinning processes [26] [27] [28] . The semicrystalline polytetrafluoroethylene (PTFE) has a high melt viscosity (~10 11 poise at 380 °C) and is non-soluble in many solvents which makes it difficult to electrospin in addition with its low dielectric constant properties [29, 30] . Researchers have therefore used sacrificial polymers such as polyvinyl alcohol (PVA), [31, 32] or polyethylene oxide (PEO) to electrospin PTFE fibers [33] . The subsequent heat treatment to remove sacrificial polymer has resulted in the loss of fiber morphology. The TAF polymers are soluble only in certain perfluorinated solvents and reported as non-electrospinnable. Although, it has been reported that coaxial fibers can be formed with the help of an electrospinnable core [26] or sheath [27] . Scheffler et al. [28] reported electrospinning of TAF 1600 fibers, however, they observed that the process was not steady and formed non-uniform fiber morphology of the TAF 1600 micron size fibers.
This work demonstrates a steady and direct route for the preparation of TAF 1600 nano/sub-micron fibers using the Forcespinning ™ (FS) approach. This ultimately advances Teflon into more wide-spread applications as a protective agent. The fibers were collected as a free standing mat and characterized for hydrophobic properties. Additional samples were then also processed into yarns of varying diameters and degrees of twist. FS is a technique that can produce nano to micron size fibers from a broad range of materials such as polymers, metals, ceramics, and composites [34] [35] [36] [37] . One of the features of this technique is the high yield of at least 1 g/min in the laboratory prototype (versus 0.3grams/hr in an electrospinning laboratory instrument). Figure 1 shows a schematic of the FS setup. Briefly, a spinneret is mounted on a shaft which is connected to an electric motor. In this way, the applied centrifugal force is mainly responsible to drive the material through a designed set of orifices on the spinneret to produce the fibers. The collector system gives the flexibility to collect fibers either as a free standing mat, to deposit fibers on a substrate, or to prepare 3D configurations. The processing variables that play an important role in the FS process are spinneret design, angular velocity and aerodynamics of the chamber.
EXPERIMENTAL TAF 1600, a copolymer of 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole (65% mole) and 1,1,2,2,-tetrafluoroethylene, powder was obtained from , MN) and used as received to dissolve the TAF powder. A solution of 10 wt% TAF 1600 in Fluorinert FC-40 was prepared by mixing the dry polymer powder into the solvent, and heating at 50 °C in a sealed container to prevent solvent loss through evaporation. Manual agitation was intermittently used to aid in homogenizing the solution. A uniform clear and transparent solution was formed after 24 hours, and the solution was used after three days storage at 50 °C to ensure uniformity of the dissolved polymer. The 10 wt% polymer concentration in the equilibrated solution was confirmed by thermogravimetric analysis.
The TAF 1600 solution was fed in a dual orifice spinneret and was rotated at varying revolutions per minute (rpm) ranging from 5,000 to 10,000 rpm. The optimum speed was found to be 8,000 rpm. Experiments were carried out using orifices with inner diameters of 241 micron, 191 micron, and 140 microns. The collector distances varied between 7 and 15 cm. All experiments were carried out in a closed chamber. The forcespun fibers were collected on a clean glass slide and annealed at 170 °C (T g = 165 °C) for 105 minutes. The fiber morphology was studied using a Zeiss Sigma VP scanning electron microscope (SEM). Average diameters were calculated by measuring 200 fibers per sample.
Hydrophobicity of the annealed fibrous mat was found by CA measurements. Using a syringe with 30 gauge needle (I.D 140 μm), a drop of about 4-5 µL of deionized water was placed onto the TAF mat deposited on a glass slide and an image was captured with a digital camera. A light source covered with a diffuser was kept behind the substrate to obtain a clear image showing droplet contour and baseline. [27] The mats were tilted at certain angles and a drop (4-5 µL) of deionised water was released from a 4 mm height. The angle was noted as the droplet rolls-off completely from the mat. For each mat, three measurements were averaged.
Fibers intended for yarning were collected in 4x8 inch sheets of ¼ inch steel wire mesh. Teflon yarns were prepared in paired sets from the same batches of nanofibers: Set A was yarned after annealing while Set B was yarned immediately after spinning and annealed in its yarn form alongside the Set A fibers in a mat. Nanofibers were spun from the produced sheets into yarns at around 700 rpm for 5 to 45 seconds, producing twisted yarn lengths of 10 to 30 cm with varying degrees of twist. Thermal and mechanical properties of each set of yarns were studied using a TA Instruments TMA 2940 and DMA Q800, respectively. For mechanical analysis, yarns of 15 mm in length were cut into two pieces -a 5 mm length was examined in the SEM under environmental conditions to measure the yarn's diameter and degree of twist, while the remaining 10 mm was placed in the tension film/fiber clamp of the DMA to produce the stress-strain curves.
RESULTS AND DISCUSSION
The FS technique uses centrifugal forces for the production of fibers. As the spinneret is rotated at an angular velocity, a thin polymer jet is ejected from the orifice and continues to thin out as it travels in a spiral path before reaching the collector. The spinneret used in this work was a cylindrical tube. The exiting polymer jet undergoes a large pressure drop at the orifice followed by strong extensional and shear forces, which results in fiber formation through deformation, extension, and reorientation of the polymer chains. Figure 2 The fiber formation of TAF 1600 was stable and uniform as can be seen from inset micrographs shown in Figure 2 . As the orifice dimensions reduced from 241 micron to 140 micron, the fiber diameter was decreased from 826±226 nm to 362±58 nm respectively (Table I) . The fiber formation with 140 micron orifice and 7 cm collector distance yielded uneven surface morphology containing long beads and fiber networks (results not shown). Upon increasing the collector distance from 7 cm to 15 cm fibers were able to form a spiral path therefore promoting further extensional flow/evaporation and long homogeneous fibers were developed. Figure 2a shows the forcespun TAF 1600 fibers with 241 micron orifice with wrinkled and collapsed morphology on the fiber surface. The TAF 1600 fibers forcespun with 191 micron and 140 micron showed distinctive stretching in the wrinkled morphology in addition to a porous structure. This phenomenon indicates that the amount of extensional force increases with decreasing dimension of the polymer jet exiting from the spinneret orifice resulting in a long stretched surface texture on the fiber. The trend in the hierarchical surface morphology could be attributed to slower evaporation of the Fluorinert FC-40 solvent (T b =165 °C). However, this characteristic surface morphology did not destroy the fiber formation. From the point of hydrophobicity, this type of texture is highly desired. Similar surface morphology is reported with TAF 1600 fibers [26, 28] .
The solvent evaporation phenomena leading to polymer solidification and eventual formation of fiber morphology in FS is analogous to that of the electrospinning process except for a major parameter: the polymer jet carries a charge in the latter process. It is known that the fiber surface morphology depends on the rate of solvent evaporation. Koombungse et al. [38] have reported that electrospun fibers tend to form a mechanically distinct skin layer on the polymer jet due to rapid evaporation of the solvent which collapses once the internal solvent escapes and forms characteristic fiber shapes, including ribbons and wrinkled surfaces. The various shapes could be attributed to a thermally induced phase separation mechanism which occurs at the fiber surface due to evaporative cooling. Pai et al. [39] and Megelski et al. [40] reported porous structures in electrospun amorphous polymers such as polystyrene, polycarbonate, and polymethylmethacrylate using solvents with varying rates of evaporation. They proposed that the mechanism for the formation of porous structure with slow rate of solvent evaporation could be explained by vapor-induced phase separation. In this phase separation water vapor from the air penetrates into the polymer jet which leaves its imprint after complete evaporation resulting into porous structures. These hypotheses could explain the surface morphology of forcespun TAF 1600 fibers. Superhydrophobic properties result from a combination of low surface energy and high surface roughness. Table I shows water CAs and rolling angle on the forcespun TAF 1600 fibers. All mats showed superhydrophobicity, exhibiting CA of more than 150°. The fibers forcespun with 140 micron orifices exhibited CA of 169° and rolling angle of 2°. The CA increased from 156° to 169° as the fiber diameter was decreased from 826 nm though 362 nm. Similar trend was also demonstrated by Ma et al., [41] who reported that the decrease in fiber diameter introduces a higher level of roughness and therefore higher CA. Additionally, a second level of roughness (due to wrinkling) with the developed porous texture increased the number of air pockets in the mat resulting in higher CA according to the Cassie-Baxter model. For comparison, the TAF 1600 solution was cast into a film and processed in a similar way to that of forcespun fibers. The CA results obtained on the TAF film (113°) suggest that Wenzel's state is dominant on the relatively smooth film surface when compared to the composite surface (roughness imparted by sub-micron fibers) of the mats, where Cassie-Baxter state explains the mechanism for the experimented superhydrophobicity. Figure 3) were prepared under two conditions, Set A, fibers annealed and yarned and Set B fibers yarned prior to annealing. Table II shows characteristics of the yarns. In both cases, it was observed that a degree of twist higher than 3000 turns per meter (tpm) was difficult to achieve due to several mechanical factors. During the yarning of Set B, the slightly uneven distribution of fibers over the source mat resulted in the creation of points of necking which contained slightly fewer fibers and were thus weaker and more susceptible to twisting than the thicker parts of the yarns. Although yarns without these weak points had been produced, they generally limit the amount of twist on a single yarn to roughly 10 seconds of twisting or 3000 tpm. Yarning of Set A fibers presents a different issuethe lack of any residual solvent (increase surface roughness) and resulting higher stiffness causes them to unwind once released from either end. Another significant difference between the two types of yarns is the two-stage nature in which Set A deformed, first in a linear high-strain fashion, followed by non-linear high-stress plastic deformation up to their failure point. This phenomenon is perhaps best explained by unwinding behavior -the loose yarns must first be returned to their tightened condition before any elastic or plastic deformation can take place, a point of much further strain since these fibers were pre-stretched during the yarning process and were not allowed additional relaxation from further annealing. Thus, the initial low-stress linear region of Set A samples exhibits a Young's modulus of just 211 KPa, which abruptly changes to a much higher 18.5 MPa with the onset of plastic deformation. Set B samples exhibit a higher and more consistent modulus of 348 MPa. In both cases, the thinner yarns were able to withstand higher levels of deformation prior to failure; the expectant direct relationship between degree of twist and UTS does not appear to be present in Set A, but clearly improves performance in Set B. Thermal expansion, meanwhile, is unaffected by any of these factors and is simply a property of the constituent PTFE polymer, showing little variance between all samples.
Yarns made of TAF fibers (shown in

CONCLUSION
Superhydrophobic TAF 1600 fibrous mats were prepared using the FS technique. The SEM analysis revealed homogeneous long fibers with uniform fiber size distribution. The TAF 1600 fibers forcespun with 140 micron orifices exhibited CA of 169° and rolling angle of 2° (average fiber diameter of 362±58 nm). Owing to the intrinsic physicochemical properties of the TAF polymer, the mats can perform in extreme weather conditions. Further, monolithic TAF fibers would preserve the superhydrophobic performance and life of the mats. Potential deployments of such fibers include anti -icing andfouling coatings, while their yarned form is a viable option for structural applications with need of superior environmental stability. Additionally, the high yield offered by the FS technique also makes these fibrous mats and yarns interesting from the commercial point of view.
